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Initial conditions: Nuclear
structure

Ann.Rev.Nucl.Part.Sci. 57 (2007) 205-243

Initial conditions typically sample over a
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Even Better: Nucleon configurations from lattice

eftective field theory



2 = [ r"e™p(r, dp)rdrde
Initial conditions: ¢, ,, =
| erp(r, @)rdrdg
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Shape quantified by eccentricities € where n=2
Initial Condition " (ellipse), n=3 (triangle), n=4 (square) ...
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Eccentricities &,’s are directly related to the final measured flow
observables v ’s



Iransverse plane (2D) right after the
collision

Simulation by

C. Plumberg




Head on collisions and detormations
Centrality % — 0
Terminology:
-participants (colliding nucleons)
-spectators (fly oft to the detector)

Ann.Rev.Nucl.Part.Sc1. 57
s (2007) 205-243
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Head-on collisions most sensitive to structure, but b = 0
doesn’t probe everything
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Selecting central events

Multphicity

STAR lsobar biind analysis, Ve = 200 GeV

More final state

particles=central
collisions
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Less spectators = central collisions



Quantitying How
T'he distribution of particles can be written as a Fourier series

@ 1- d°N
e 1 ) =
E yEm 27 prdprdy | + ; Vv, COS [n (gb l//n>]

Collective flow: I'low harmonics, v, {m}, are calculated by
correlating m=2 to 8 particles — collective behavior



Multi-particle cumulants

Reconstructing the v, distribution with cumulants
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where collectivity — v,{2} > v,{4} ~ v,{6} ~ v,{8} but there
are differences between higher order cumulants!



v, {4}/v, {2}: Width of v, distribution
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Quantitying initial and final state
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Calculated 1n Goordinate space Measured in Momentum space
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Pearson Coefficient @,



Connecting mitial shape &, to final flow V,
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Eftectiveness of linear response across
\/s and system size

1.0:'
0.8:-
N 0.6/ N <
Q@ | trento PDG16+/2+1[WB]

0.4; AuAu 200 GeV
- — — PbPb 5.02 TeV

0.2?

0.00: 4
0 20 40 60 80

Centrality (%)

Alba, JNH et al, Phys.Rev.CC 98 (2018) 3, 034909

Connection from &, — V,
strong across beam energy
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trento+vUSPhydro
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Sievert, JNH Phys.Rev.C 100 (2019) 2, 024904

Connection from &, - V_

weakens for smaller systems



Does this correlation exist for the
1sobar run?

0.4 Irento+v-USPhydro
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U217 e )= 2
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Mapping 1s generically the same, regardless of deformation



Predictive power of 1nitial state in
central collisions (across system size)
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Plethora of possible observables

Number of particles correlated

Mixed Harmonics:
Symmetric Cumulants (magnitudes)

A Event plane correlations (angles)

T'hey’re actually related: Giacatone etal, Pays Re.:94 2016) 1, 014906

Identified particles, centrality, beam energy etc

Huge potential phase space!

Harmonics



Influence of nuclear structure




Finding a deformation in '*Xe

v-USPhydro sensitive to deformed nucleus
Giacalone, JNH et al. Phys. Rev. C 97,034904 (2018)
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Dewviation from experimental data: possible constraints on nuclear
structure?



100): Lattice effective field theory and
hydrodynamics

Iypes ot structure

-« OO Wood-

| JNH Phys.Rev. C100 (20

Experimental:
| N. Summerfield & A. Timmins
NOIOE ity | heory: G. Plumberg & JNH
S POPENURN e | attice EFT: B-N Lu & D. Lee

Moreland et al, Phys. Rev.

!

SR OJOLRR )1 ke Bayesian analysis set-up
structure (T Bernhard et al, Nature Phys. 15 (2019) 11, 1113-1117
Phys. Lett. B 797, 134863 (2019)

18



Finding a clustering in heavy-ion

collisions
O-0ysyn=6.5TeV
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Signal size possible to measure the the LHC, puzzle for *%Pb




Difficulties with “*Pb square/plus
shape fluctuations
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Issue still remains,

even with hydro
Improvements

a clustering might push the results towards the data?



Another *®Pb puzzle: v, to v; in
ultracentral collisions

Could an octuple

i t - - -
—  MCGIb 3 -
0.03! "~ with NN correlation deformation play a role:
T0024 ™ . 4 _ \
0.01; - —
<) . T -
0 0y

CMS Data: JHEP 02 (2014) 088
Original Idea: Luzum & Ollitrault Nucl.Phys.
A904-905 (2013) 377c-380c Retinskaya, et al,

Phys.Rev. C89 (2014) no.1, 014902
Many attempts: Shen, et al Phys. Rev. C 92, 014901
- (2015); Rose, et al,, Nucl.Phys. A931 (2014) 926-930 +

see recent works from Giacalone, Jia, Trajectum,

Z.akharov

Generally need more v; or less v,



Octupole alone not enough: 1deas?

1627 Tried f; > 0 in hydrodynamics
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Ultracentral collisions should fit the best, but still ~ 10 % ott



Ultracentral fluctuations
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Comparing side to side vs. tip to tip collisions



Future possibilities with ultra central

collisions
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Ultracentral fluctuations

sensitive to substructure,
nucleon widths



https://arxiv.org/abs/1905.13323

Summary

e Heavy-1on collisions sensitive to nuclear structure even
with fluctuations

» Possible to make direct connections between nucleon
configurations and heavy-1on collision simulations

* Qutstanding puzzles: INT Workshop

Intersection of nuclear structure and

high-energy nuclear collisions

. 208
* v, to v; puzzle n “°Pb Jan 23rd - Feb 24th 2023

e v, {4}" sensitive to a clustering?



v, to v; 1n ultracentral collisions
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Future potential for nuclear structure?
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https://arxiv.org/abs/2109.00131

Fluids the size of a nucleus? A proton?

When do you have too few particles to use hydrodynamics?
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http://arxiv.org/abs/arXiv:1404.7327

Experimental: N. Summerfield & A. Timmins, Theory: C. Plumberg & JNH, Lattice EFT: B-N Lu & D. Lee
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Quite bad throughout almost entire expansion (central event)
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Averaged Kn/Re™!

Experimental: N. Summerfield & A. Timmins, Theory: C. Plumberg & JNH, Lattice EFT: B-N Lu & D. Lee
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Hydro only applicable after 7 ~ 3 fm/c?
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Causality Constraints

Plumberg, Almaalol, Dore, Noronha, JNH rXiv:2103.15889v1 [nucl-th]

T = 1.40 fm/c T=3.240 fm/c

T=4.40 fm/c

y (fm)

IP-Glasma + MUSIC

-10 0

10 -10 0 10 -10 0 10 -10 0 10 -10 0 10
x (fm) X (fm) x (fm) x (fm) X (fm)
T=1.16 fm/c T=2.02 fm/c
10

T=2.92 fm/c T=3.81 fmjc t=4.71 fmjc

y (fm)

-10

'rRENTO + free streaming + EBE VISHNU

-10 0 10

-10 0 10 -10 0 -0 -10 0 10 -10 0 1C
x (fm) X (fm) X (fm) X (fm) X (fm)
Connection between mitial state — . : :
. . . . Constrains derived 1n
hydrodynamics, causality violation

Bemfica et al, Phys. Rev. Lett. 126 (2021) 22, 222301



100): Lattice effective field theory and
hydrodynamics
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When 1s fluid dynamics applicable?

. Large separation of scales 1.e. small Knudsen (or inverse Reynolds)
number

K Small scale® (H,O molecule)
e, = ———— . e

Large scale (s1ze of lake)

* mean free path 1.e. distance before the molecule collides with
something else

Question: When can you apply fluid dynamics?
Answer: Kn < 1



Sullicient conditions

Bemfica et al, Phys. Rev. Lett. 126 (2021) 22, 222301
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